Et by the release of elemental hydrogen and the formation of the corresponding aluminum and gallium hydrazides. These products are dimerized in the solid state via Al-N-Al or Ga-N-Ga bridges and possess four-membered E 2 N 2 heterocycles with two exocyclic N-N bonds.
Introduction
Organoaluminum and organogallium hydrazides found considerable interest in recent literature, because they may be suitable starting materials for the generation of aluminum or gallium nitrides by thermolysis under relatively mild conditions [1] . Their syntheses were accomplished by various methods such as (i) the treatment of lithium hydrazides with dialkylelement halides by salt elimination [2 -5] , (ii) the reaction of hydrazines with dialkylelement hydrides or trialkylelement derivatives by the release of hydrogen or alkanes [2, 3, 6 -13] , or (iii) the application of hydroalumination reactions [13, 14] . Usually, the dialkylelement hydrazides are dimeric. However, depending on the substituents different structural motifs have been observed with four-, five-and six-membered heterocycles and up to two exocyclic or endocyclic N-N bonds. Few cage compounds containing intact hydrazido groups are also known from literature [15] .
Recently, we started with systematic investigations into the thermal behavior of these aluminum and gallium hydrazides. Usually, decomposition occurrs only at temperatures above 200 • C and depends on the substituents attached to aluminum or gallium and the hydrazido ligands. The mass of the remaining solids corresponds well to the quantitative formation of the corresponding element nitrides. There were strong indications that nitrene or diazene derivatives were released 0932-0776 / 06 / 0700-0854 $ 06.00 c 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com in the course of these decomposition processes by the cleavage of the N-N bonds of the hydrazido ligands. In one case we were able to isolate and characterize an Al 4 N 4 heterocubane intermediate weakly coordinated by a diisopropyldiazene molecule [14] . Hydrazines which have one of their nitrogen atoms enclosed in a heterocycle such as aminopyrrole, H 2 N-NC 4 H 4 , and aminopiperidine, H 2 N-NC 5 H 10 , should prevent that particular decomposition pathway and, hence, the formation of diazenes. Thus, the thermal behavior of the corresponding hydrazides should give valuable hints for a better understanding of the degradation mechanism. We report here on the syntheses and characterization of aluminum and gallium hydrazides derived from these heterocyclic hydrazines.
Results and Discussion

Syntheses of aluminum and gallium hydrazides starting with N-aminopyrrole and N-aminopiperidine
Recent reports have shown that the treatment of hydrazines with the corresponding element hydrides is a very effective route for the generation of aluminum and gallium hydrazides [3, 10, 11] . Driving force is the release of elemental hydrogen, and the products are formed in high yields and high purity. Accordingly, di(tert-butyl)aluminum hydride, HAl(CMe 3 ) 2 , reacted with N-aminopyrrole in n-hexane at r. t. to yield the corresponding hydrazide 1 (eq. (1)) in a yield of 76% after recrystallization from n-hexane. Interestingly, the analogous N-aminopiperidine derivative 2 was insoluble in n-hexane. It precipitated from the reaction mixture and was purified by recrystallization from large volumes of toluene. However, the yield (29%) was relatively low. Both compounds are dimeric possessing Al 2 N 2 heterocycles in their molecular cores and two exocyclic N-N bonds. Compound 1 showed the expected 1 H NMR spectrum with an A 2 B 2 part for the pyrrole hydrogen atoms and singlets for the tert-butyl groups and the N-H protons. Probably owing to the dynamic behavior of the six-membered heterocycle, the spectra of 2 exhibit broad resonances only, and a clear assignment could not be achieved even with high-and low-temperature data. Preliminary experiments with respect to the thermal stability of both compounds and their decomposition behavior have shown that the compounds are more stable than those derived from monoalkylhydrazines and that the formation of gallium nitride is relatively unfavorable.
Di(tert-butyl)gallium hydride is not applicable for analogous experiments, because it shows a dismutation reaction upon dissolution, and three compounds could be detected by NMR spectroscopy in temperature dependent concentrations: Ga-(CMe 3 [16] . Another route for the facile synthesis of aluminum or gallium hydrazides comprises the generation of adducts of dialkylaluminum or dialkylgallium chlorides with the corresponding hydrazines and the treatment of these products with butyllithium. The hydrazides are formed by the release of butane and the precipitation of lithium chloride [17 -20] . We treated di(tert-butyl)gallium chloride with N-aminopyrrole in order to isolate the corresponding adduct of the heterocyclic hydrazine. A colorless solid precipitated, however, the NMR data were not consistent with the 1 : 1 adduct. We were not able to generate single crystals of that product for an unambiguous characterization, so we do not want to discuss that reaction in more detail. N-Aminopiperidine gave an adduct (3, eq. (2)) in low yield. It was characterized by a crystal structure determination (see below). The NMR spectra of the crystalline product are complicated and verify the occurrence of at least three different products. Obviously, an equilibrium exists in solution, which is summarized in eq. (2) and comprises the starting compound (Me 3 C) 2 GaCl, the expected adduct (Me 3 C) 2 GaCl · NH 2 -NC 5 H 10 (3) and the ionic compound [(Me 3 C) 2 Ga(NH 2 -NC 5 H 10 ) 2 ]Cl (4). Compound 4 was generated in an NMR experiment by the treatment of di(tert-butyl)gallium chloride with two equivalents of N-aminopiperidine. Comparison of the NMR data verified the formation of 4 as a dismutation product of 3. A bis(hydrazine)indium cation similar to 4 has been obtained in our group only recently [21] . The occurrence of an equilibrium in so- Scheme 1. lution prevented the application of 3 in any secondary reaction.
Another method for the generation of hydrazides comprises the direct treatment of element chlorides with lithium hydrazides [2 -5] . However, the reaction of equimolar quantities of (Li)NH-NC 4 H 4 and di(tertbutyl)gallium chloride did not afford any isolable product. The corresponding reaction of (Li)NH-NC 5 H 10 yielded few crystals of an amino adduct (5, Scheme 1), which was characterized by a crystal structure determination (see below) and does not contain an intact N-N bond. The mechanism of its formation is unclear. Further products could not be identified.
Owing to these difficulties we started with investigations into the reactivity of the gallane amine adduct GaH 3 · NMe 2 Et towards the respective hydrazines. These reactions should afford interesting gallium hydrazides, which still have hydrogen atoms attached to their gallium atoms and should be suitable starting compounds for the generation of gallium nitride by thermolysis and the release of elemental hydrogen under relatively mild conditions. The reactions with N-aminopyrrole and N-aminopiperidine (eq. (3)) were conducted in n-hexane at −20 to −25 • C. Colorless substances precipitated in both cases which showed resonances of at least two different Ga-H species probably resulting from partial decomposition. They were filtered off, and the products 6 and 7 were isolated in yields between 20 and 40% after concentration and cooling of the filtrate. Both are dimeric possessing Ga 2 N 2 heterocycles and two terminal hydrogen atoms attached to each gallium atom. The aminopyrrole derivative 6 shows the expected NMR spectra, those of the aminopiperidine compound 7 show broad resonances owing to the dynamic behavior of the sixmembered piperidine ring. Nevertheless, in this particular case we were able to completely assign resonances to all hydrogen atoms by NMR experiments at different temperatures (see Experimental Section). The hydrogen atoms attached to gallium have resonances at δ = 5.12 and 5.36.
Crystal structure determinations
The molecular structures of the di(tert-butyl)-aluminum compounds 1 and 2 are depicted in Figs 1 and 2. 1 crystallizes with two independent molecules The molecular structure of compound 3 (Fig. 3 ) comprises a di(tert-butyl)gallium chloride molecule coordinated by an intact aminopiperidine ligand. The gallium atom has a distorted tetrahedral coordination sphere with the largest angle between the tert-butyl groups (124.5 • ). As expected, the donor-acceptor bond between gallium and nitrogen is lengthened (208.9 pm) compared to the Ga-N distances in hydrazides in which the nitrogen atoms bear a negative charge (see for comparison 1 and 2). All bond parameters are similar to those of gallium-hydrazine adducts published by our group only recently [20] . The N-N bond of aminopiperidine was cleaved upon the formation of compound 5, and an amino adduct of di(tert- butyl)gallium chloride resulted in which the amino nitrogen atom is part of the six-membered piperidine ring (Fig. 4) . The bond parameters (Ga-Cl 228.4 pm, Ga-N 207.5 pm) are similar to those of compound 3 and do not require a detailed discussion [22] .
Four-membered Ga 2 N 2 rings with two exocyclic N-N bonds were observed for the dimeric dihydrido species 6 and 7 ( Fig. 5 and 6 ). Both compounds reside on crystallographic centers of symmetry, thus, the pyrrole or piperidine rings are on different sides of the inner, ideally planar Ga 2 N 2 heterocycles. Each gallium atom has a distorted tetrahedral surrounding and is at- tached to the ring nitrogen atoms and to two terminal hydrogen atoms. The Ga-N bond lengths are in a normal range (204.5 and 199.9 pm), the longer ones belong to the pyrrole derivative 6. The N-N bond lengths of both products are quite similar with an average value of 144.5 pm.
Experimental Section
All procedures were carried out under purified argon in dried solvents (n-pentane, cyclopentane, and n-hexane over LiAlH 4 , toluene over Na/benzophenone). Commercially available 1-amino-piperidine (Aldrich) was degassed prior to use. 1-Aminopyrrole [23] , HAl(CMe 3 ) 2 [16, 24] , ClGa(CMe 3 ) 2 [25] , GaH 3 · NMe 2 Et [26] were obtained according to literature procedures.
[(
Di(tert-butyl)aluminum hydride (0.284 g, 2.00 mmol) was dissolved in 25 ml of n-hexane and cooled to 0 • C. 1-Aminopyrrole (0.158 ml, 0.164 g, 2.00 mmol) was added. Gas evolution occurred immediately which was finished after stirring at r. t. for [27] . With the exception of N-H protons, the hydrogen atoms were calculated on ideal positions and refined by the riding model. The hydrogen atoms attached to Ga of compound 6 were refined on ideal positions (Ga-H 150 pm). Crystal data, data collection parameters and details of the structure refinement are given in Table 1. The crystallographic data of all compounds (excluding structure factors) were deposited with the Cambridge Crystallographic Data Centre, CCDC-600072 (1), -600073 (2), -600074 (3), -600075 (5), -600076 (6), and -600077 (7) . Copies of the data can be obtained free of charge on application to The Director, CCDC, 12 Union Road, Cambridge CB21EZ, UK (Fax: int.code+(1223)336-033; e-mail for inquiry: fileserv@ccdc.cam.ac.uk). Compound 1 crystallized with two independent molecules in the asymmetric unit. The molecules of 2, 6, and 7 are located on crystallographic centers of symmetry.
